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TBP2, a Vertebrate-Specific Member
of the TBP Family, Is Required
in Embryonic Development of Zebrafish
Results and Discussion
TBP is highly conserved from yeast to human and is
encoded by an essential gene [1, 7, 8]. It has been re-
cently demonstrated that TBP is not universally required
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TBP2, a New TBP-Related Protein in Zebrafish
and Other Vertebrates
tbp cDNA was isolated from adult zebrafish gonad cDNA
Summary by using primers designed from clustered zebrafish
ESTs. When the cDNA sequence (AF503449) was
TATA binding protein (TBP) [1, 2] is a key regulator of BLASTed onto the zebrafish genome, two additional loci
RNA polymerase transcription. It binds to core pro- were identified. One encodes a member of the pre-
moters, often in large multiprotein complexes, and nu- viously described TLF family (our unpublished data),
cleates RNA polymerase II (Pol II) transcription initia- whereas the other codes for a factor clearly different
tion. In addition to the previously described TBP-like from both TBP and TLF. The full-length cDNA of the new
factor present in metazoans (TLF/TRF2/TRP/TLP) [3–6], tbp homolog is 1601 bp, with a 939 bp ORF (AY256970).
we describe a third, vertebrate-specific member of Since the core domain of the encoded protein is almost
the TBP protein family from zebrafish, called TBP2. identical to that of the TBP but significantly different
Evolutionary conserved TBP2 homologs were also from the TLF protein, we named it TBP2 (Figures 1A and
found in human, mouse, frog, and pufferfish. The S1). The tbp2 ORF is encoded by seven exons, and
N-terminal domains of TBP2s are divergent amongst the organization of the exon-intron boundaries is very
themselves and different from those of TBPs; however, similar to that of tbp (data not shown). On the zebrafish
the core domain of TBP2s and TBPs are almost identi- radiation hybrid map, tbp2 was located on chromosome
cal. TBP2 binds the TATA box, interacts with TFIIA 17 (3.2cR from fc10f08), whereas both tbp (ch13, 3.2cR
and TFIIB (similarly to TBP), and can mediate Pol II from fk89a06) and tlf (R.B., unpublished data) were
transcription initiation. However, TBP2 shows con- found on different chromosomes. These results show
trasting expression patterns in the gonads and during the presence of at least three genes encoding different
embryonic development in comparison to TBP, sug- TBP-type factors in the zebrafish genome.
gesting differential function. Knockdown of zebrafish Genome and EST sequence databases were searched
TBP2 results in specific reduction of the protein level, to find homologs of TBP2 in other metazoans. No tbp2
leading to a phenotype, which indicates the require- homolog was identified in the genomes of C. elegans,
ment of TBP2 for embryonic patterning. The presence D. melanogaster, A. gambiae, and C. intestinalis. On the
of three different TBP family members in vertebrates other hand, tbp2 gene can be found in several vertebrate
suggests the existence of developmental stage- and species: T. rubripes, X. laevis, mouse, and human (for
tissue-specific preinitiation complexes with specific details see Figure 1C, Table S1, and below).
requirements for different TBP family members. TBP2 proteins from different vertebrates show a high
degree of similarity in their core domains, similar to TBPs
(Figures 1B and S1). On the other hand, the N-terminal*Correspondence: ferenc.mueller@itg.fzk.de (F.M.), laszlo@tll.org.sg
(L.O.), laszlo@igbmc.u-strasbg.fr (L.T.) part of the TBP2s is highly variable with the exception
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Figure 1. TBP-Related Proteins in Zebrafish and Other Model Organisms
(A) Schematic representation and domain comparison of the three TBP-type proteins from zebrafish (dr). Numbers indicate amino acid
positions. The identity between the N-terminal (N-ter) and core domains is indicated as a percentage, and black shading indicates sequence
similarity over 80%.
(B) Schematic comparison of zebrafish TBP2 to TBP2 homologs from other vertebrates (xl, Xenopus laevis; mm, Mus musculus; and dm,
TRF1 of Drosophila melanogaster.
(C) Summary of genes encoding TBP-type proteins found in yeast and metazoans. All presently known names of homologous factors belonging
into the same group are represented. Boxes represent genes, which have already been described [1, 3–6, 8–12, 15, 16, 25, and the present
study] or can be identified in the genome of a given species. Missing boxes mean that homologs of a given factor were not found.
of a conserved motif (consensus: DLSFLPD, Figure mobility (approximately 40 kDa) was detected, thus
considered to be the endogenous TBP2 (Figure 2C).S2B). In contrast to TBP2s, the N-terminal domain is
highly conserved in TBPs (Figure S2A). When the phylo- Interestingly, the levels of TBP and TBP2 proteins were
very different in the two gonad types. TBP was enrichedgenetic relationship of TBP-related proteins from differ-
ent metazoans was analyzed, TBP2 proteins formed a in the testis but hardly detectable in the ovary, whereas
the level of TBP2 was much higher in the ovary than inseparate branch on the unrooted evolutionary distance
tree, with closer relation to TBPs than TRF1 or TLF the testis (Figure 2D).
The level of TBP protein was very low in the zygote,homologs (Figure S3 and data not shown). The above
data suggests that tbp2 is a result of a vertebrate-spe- increased from morula stage onward, reaching a peak
during early gastrulation stages. Rapid decline was de-cific gene duplication event.
tected during neurula and organogenesis stages (Figure
2D), indicating a dynamic posttranscriptional regulationExpression Pattern of tbp and tbp2 in Zebrafish
of TBP. On the other hand, TBP2 was already presentThe transcripts of zebrafish tbp were present in all tissue
in fertilized eggs at a significant level. Its level increasedsamples and developmental stages examined by RT-
further until sphere stage and reduced gradually towardPCR (Figure 2A). Similarly, in situ hybridization showed
24 hpf (Figure 2D). These data together show that TBPstrong ubiquitous staining in stages from zygote to the
and TBP2 have complementing expression patterns inmidblastula transition (MBT), indicating that tbp mRNA
the adult gonads and differential quantitative regulationis deposited maternally. Decline of tbp mRNA levels
during early embryogenesis and suggest differences inwere observed with no apparent tissue specificity
their function.throughout gastrulation stages, indicating low levels of
zygotic tbp gene activity during neurulation and organo-
genesis (Figure 2B). On the other hand, expression of TBP2 Binds the TATA Box and Forms Complexes
with TFIIA and TFIIBzebrafish tbp2 was clearly higher in the gonads, with a
small amount of transcripts in other adult organs (e.g., When comparable amounts of either human TBP or ze-
brafish TBP2 (Figure S4A) were used in the electopho-brain and kidney). tbp2 transcripts were also maternally
supplied and reached minimum levels around 3 days retic mobility shift assay (EMSA), TBP2 recognized the
adenovirus major late promoter (AdMLP) TATA box aspostfertilisation (dpf), with increase afterwards (Figure
2A). Importantly, tbp2 mRNA showed asymmetric distri- effectively as TBP (Figure 3A). Double-stranded cold
oligonucleotides containing the wild-type TATA box effi-bution in 50% epiboly stage embryos (early gastrulation
stage, ventral side labeled with an arrow in Figure 2B). ciently competed the binding of TBP2 to the labeled probe,
while cold competitor oligonucleotides containing aThis suggests a potential function in dorsoventral pat-
terning of the body axis. Generally, low levels of tbp2 mutated TATA box did not (Figure 3A). The TBP2/DNA
complex was “supershifted” by an anti-TBP2 polyclonalexpression with no apparent tissue specificity were de-
tected at 24 hr postfertilisation (hpf) (Figure 2B). antibody as efficiently as the TBP/DNA complex was
with an anti-TBP antibody confirming the specificity ofAn anti-TBP2 polyclonal antibody detected the exoge-
nously expressed TBP2 protein on Western blots. From TBP2 binding to the TATA box (Figure S4B).
When we tested in EMSA [19], both TFIIA and TFIIBnoninjected embryo extracts, a band with the same
Vertebrate-Specific TBP2 with Embryonic Function
595
Figure 2. Expression of tbp and tbp2 mRNA and Their Proteins in Zebrafish
(A) Expression of tbp and tbp2 transcripts in the adult zebrafish tissues and in whole animals at different developmental stages were analyzed
by RT-PCR. -actin was used as a loading control. The number of amplification cycles used is indicated on the left.
(B) Expression of tbp and tbp2 assayed by in situ hybridization in different stages of development is indicated above the panels (the third
panel of tbp is at the 30% epiboly stage). Expression of tbp2 is mostly ubiquitous except for the 50% epiboly stage, when it shows asymmetric
expression (arrow points at ventral side).
(C) Endogenous and misexpressed TBP2 protein (approximately 40 kDa) is detected in noninjected (ni) and tbp2 mRNA-injected zebrafish
embryo extracts by a polyclonal antibody.
(D) Dynamics of TBP and TBP2 expression in whole-cell extracts made from the gonads and embryos in different developmental stages.
-tubulin was used as loading control. Abbreviations: d, days postfertilization; mbt, mid-blastula transition; percentage values indicate degree
of epiboly stage; ni, noninjected; ns, nonspecific signal; m, NEB 100 bp ladder molecular weight marker, and TBP2s, sense control for tbp2.
formed complexes with TBP2 (Figure 3B). Furthermore, a source of other general transcription factors we used
a heat-treated HeLa cell extract in which transcriptionboth TBP and TBP2 were able to form a tetrameric
complex with DNA, TFIIA, and TFIIB (Figure 3B). Taken has been reversibly inactivated [20]. Transcription initia-
tion in the heat-treated extract was completely depen-together, these data indicate that TBP2 can bind to the
TATA box and that it forms complexes in vitro with TFIIA dent on the addition of TBP. Interestingly, comparable
units of TBP2 resulted in transcription initiation from theand TFIIB similarly to that of TBP.
To test whether TBP2 can mediate transcription initia- AdMLP; however, they did so to a lesser extent than
that obtained with TBP (Figure 3C). This suggests thattion, we compared the basal transcription activities of
equivalent amounts of recombinant TBP and TBP2. As TBP2 can mediate Pol II transcription initiation similarly
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in vivo regulatory mechanisms such as differential ex-
pression, protein/protein interactions, and posttransla-
tional modifications may result in TBP and TBP2 serving
distinct regulatory roles in gonad differentiation and em-
bryonic development.
Functional Characterization of Zebrafish TBP2
during Embryonic Development
To gain insight into the embryonic function of TBP2
protein we have used Morpholino antisense oligonucle-
otides (MO) to block translation of its mRNA in zebrafish
embryos. Western blot analysis was carried out to inves-
tigate whether MO injection causes specific loss of TBP2
protein in MO-injected embryos (Figure 4A). As the
translational inhibition of TBP2 activity by MO injection
does not affect the level of maternally deposited TBP2
protein, reduction of protein levels was only expected
after the degradation of the maternal TBP2 stockpile.
Therefore, MOs were first tested in embryos injected
with exogenous tbp2 mRNA (at 30% epiboly stage) to
reduce the “masking effect.”
Separate injection of two 5 UTR-directed MOs (MO4,
Figure 4A; MO3, data not shown) resulted in specific
translation inhibition of misexpressed full-length tbp2
mRNA (FL), but not that of a truncated mRNA lacking
the MO target sequence and containing a TBP2 open
reading frame only (ORF) (Figure 4A, lanes 1–6). This
result indicates a specific and direct effect of MO4 on
misexpressed tbp2 FL mRNA sequences. In contrast,
MO4C, which contains five mismatches, had no effect
on translation from misexpressed tbp2 FL mRNA (Figure
4A, lanes 7–10). No significant effect on the level of
endogenous TBP2 could be detected up to the 75%
epiboly stage in MO4 and MO4C-injected embryos. In
contrast, significant reduction of TBP2 could be ob-
served in MO4-injected embryos, but not in MO4C in-
Figure 3. TBP2 Is Functionally Similar to TBP In Vitro
jected embryos at the five-somite stage (Figure 4A, lanes
(A) Interactions of either human TBP or zebrafish TBP2 with a dou- 11 and 12), indicating specific effect on the translation
ble-stranded oligonucleotide containing the AdMLP TATA box were
of tbp2 transcript.tested by EMSA. The specificity of the TBP/TATA box or the TBP2/
MO4-injected embryos were developing normally untilTATA box complexes was tested by the addition of competitor wild-
type (oligo TATA) or mutant TATA box (oligo TATAmut) oligonucleo- the 75% stage (data not shown) but showed a reduced
tides to the reactions. Equal amounts of TBP and TBP2 (volumes rate of development (67.6%, n  108), perturbations in
indicated in l), as determined by normalization of Coomassie- gastrulation movements, and a characteristic elongated
stained proteins, were used in gel mobility-shift assays with 5- or 50- shape at the three- to five-somites stage (42.2%, n 
fold excess of wild-type (lanes 4, 5, 10, and 11) or mutant competitor
90, Figures 4B–4G). In a small number of MO4C-injectedoligonucleotides (lanes 6, 7, 12, and 13).
embryos, weak retardation of development was also(B) TBP and TBP2 complex formation with TFIIB and TFIIA. EMSA
of TBP (4 l, lanes 2–5) or TBP2 (10 l, lanes 6–9) with partially observed (11.4%, n  88), an effect that is often seen
purified TFIIA (0.2 l, lanes 4 and 8), purified recombinant TFIIB (0.2 in microinjected embryos in general.
l lanes 3 and 7), or TFIIA and TFIIB (lanes 5 and 9). TBP and TBP2 At closer inspection, defects in mesoderm patterning
complexes with DNA are indicated by the letter “D.” TBP and TBP2 were detected in MO4-injected embryos indicated by
complexes with TFIIA, TFIIB, or TFIIA and TFIIB are labeled, respec-
broadened notochord (arrowheads in Figures 4I and 4J).tively, as DA, DB, and DAB.
To further analyze the phenotype, expression of the ven-(C) Zebrafish TBP2 mediates transcription initiation. TBP- and TBP2-
dependent transcription from the AdMLP (AdMLP1) promoter with tral mesoderm marker gata1 [21] and dorsal axial marker
heat-treated HeLa whole-cell extract (WCE, 45C) was monitored shh [22] was assayed by in situ hybridization. gata1
by S1 nuclease mapping. Normalization of recombinant TBP and expression was lost or significantly reduced in MO4-
TBP2 is shown in Figure S4A. TBP and TBP2 were prebound to the injected embryos (71.0%, n  31) in comparison to
template for 5 min at 25C before WCEs were added.
MO4C-injected ones (13.0%, n  23, Figures 4K and
4M). The shh expression domain was found to be broad-
ened in MO4-injected individuals (66.7%, n  24, Figureto TBP. Taken together, these data indicate functional
equivalence between TBP and TBP2 as promoter recog- 4P), confirming the expansion of the notochord. In con-
trast, MO4C-injected embryos showed no significantnition factors and strikingly distinguishes TBP2 from
TLF/TLP/TRF2/TRP (reviewed in [11]). On the other hand increase in shh expression (15.4%, n  22; Figure 4O).
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Figure 5. tbp2 Expression in Frog and Mouse Tissues
The expression pattern of tbp2 shows a similar pattern in the adult
frog and mouse to that observed in zebrafish. RT-PCRs were per-
formed on total RNA isolated from various X. laevis tissues/embryos
(xl), as well as on a commercial mouse RNA panel (mm). Abbrevia-
tions: dpf, days post fertilization; M, NEB 100 bp ladder; and “”
ve, negative control.
Expansion of the expression of the lateral mesoderm
marker myoD was also observed in MO4-injected em-
bryos in comparison to those injected with MO4C
(66.0%, n 106 and 15.3%, n 78, respectively; Figures
4Q–4S), reminiscent to mutants with convergent exten-
sion defects [23] and mutants in which patterning factors
of the dorsoventral body axis are perturbed [24].
Since no effect was observed on the activity of the
gene markers of axis patterning at 50% epiboly stage
(chordin and BMP4, data not shown), future genetic
analysis will be required to address whether the ob-
served phenotypes are due to dorsoventral patterning
and/or gastrulation movement defects. These observa-
tions indicate, however, that a distinct level of zygotic
TBP2 expression is required for normal embryonic pat-
terning in zebrafish. The large amount of maternal TBP2
protein in the early embryo indicates a potential early
function for this transcription factor. Complete block of
epiboly and gastrulation causes early lethality in TBP-
knockdown [13] and does not allow direct comparison
to the relatively late effect of zygotic TBP2 inhibition.
To gain further insights into TBP2 function in early devel-
opment, the elimination of maternally deposited TBP2
will be required.
Figure 4. Controlled Levels of TBP2 Are Required for Normal Em-
bryo Development in Zebrafish tbp2 Shows a Conserved Expression Pattern
(A) Western blot analysis of the effect of Morpholino antisense oligo- To define the expression pattern of tbp2 homologs pre-
nucleotide (MO4, or its mismatch control, MO4C) injections on the dicted from other vertebrates, we performed RT-PCR
level of TBP2 in zebrafish embryos. Embryos were injected with MO on total RNA isolated from different tissues of Xenopus
and/or tbp2 mRNAs at early one-cell stage, and protein extracts
laevis and mouse. Similarly to zebrafish, tbp2 transcriptswere made from 50 embryos at the stages indicated over the panel.
were mainly found in the adult gonads and enriched inAbbreviations: tbp2, synthetic tbp2 mRNA; ORF, open reading
the ovary of both species (Figure 5). While this manuscriptframe; and FL, full-length.
(B–G) Specific effect of MO-injections in zebrafish embryos at the was processed for revision, a report was published de-
three- to five-somites stage. Significant retardation and elongated scribing a human homolog of TBP2 called TRF3 [25].
morphology was seen in MO4-injected embryos (D) in comparison In conclusion, the third member of the TBP family in
to MO4C-injected (C) and noninjected (B) controls.
vertebrates represents an increased level of diversity in(H–J) MO4 injection resulted in broadening of the notochord (arrow-
transcriptional regulation. The divergence of the struc-heads in [J]) in comparison to MO4C-injected embryos (arrowheads
ture, expression and function of TBP and TBP2 couldin [I]) or noninjected embryos (H).
(K–M) Expression of the ventral mesoderm marker gata-1 was sig-
nificantly reduced (arrow in [M]) in comparison to the MO4C-injected
(arrow in [L]) or noninjected embryos (K).
(N–R) Expression of the dorsal axial marker shh was significantly (arrow in [S]) as compared to MO4C-injected (R) and noninjected
broadened in MO4-injected embryos (arrow in [P]) in comparison (Q) controls.
to the MO4C-injected (arrow in [O]) or noninjected embryos (N). Embryos are shown in random orientation (B–D), individuals are
Expression of the lateral mesoderm marker myoD at the six-somites shown in lateral view (E–G), and dorsal views are shown focusing
stage indicates mildly broadened somites in MO4-injected embryos on the midline (H–S).
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